Objective-Maternal obesity elicits offspring's metabolic disorders via developmental modifications of visceral adipose tissue; however, its effect on atherogenesis remains undefined. Perivascular adipose tissue has recently been implicated in vascular remodeling and vasoreactivity. We hypothesize that developmental modifications of perivascular adipose tissue by maternal high-fat diet (HFD) exposure promotes atherosclerosis in adult offspring. Approach and Results-Eight-week-old female apolipoprotein E-deficient mice were fed an HFD or normal diet (ND) during gestation and lactation. Offspring were fed a high-cholesterol diet from 8 weeks of age. Twenty-week-old male offspring of HFD-fed dams (O-HFD) showed a 2.1-fold increase in atherosclerotic lesion of the entire aorta compared with those of ND-fed dams (O-ND). Although mRNA expressions of interleukin-6, tumor necrosis factor, and monocyte chemotactic protein-1 and accumulation of macrophages in epididymal white adipose tissue were less in O-HFD than in O-ND, thoracic periaortic adipose tissue (tPAT) showed an exaggerated inflammatory response in O-HFD. Intra-abdominal transplantation of tPAT from 8-week-old O-HFD alongside the distal abdominal aorta exaggerated atherosclerosis development of the infrarenal aorta in recipient apolipoprotein E-deficient mice compared with tPAT from O-ND (210%, P<0.01). Although macrophage accumulation was rarely detected in tPAT of 8-week-old offspring, mRNA expression and protein levels of macrophage colony-stimulating factor were markedly elevated in O-HFD (2.3-fold, 3.3-fold, respectively, P<0.05), suggesting that increased macrophage colony-stimulating factor expression contributes to the augmented accumulation of macrophages, followed by the enhanced proinflammatory response. Conclusions-Our findings demonstrate that maternal HFD exaggerates atherosclerosis development in offspring by augmenting tPAT-specific inflammatory response proceeded by an increased expression of macrophage colonystimulating factor. (Arterioscler Thromb Vasc Biol. 2015;35:558-569. The online-only Data Supplement is available with this article at http://atvb.ahajournals.org/lookup/suppl/
A ccumulating evidence demonstrates that maternal obesity during pregnancy is associated with an increased susceptibility to childhood obesity and metabolic disorders. [1] [2] [3] [4] Recent epidemiological studies have shown a strong association between maternal obesity and increased morbidity and mortality from cardiovascular events in adult offspring. 5 Experimental animal studies also demonstrate that offspring of obese or high-fat diet (HFD)-fed dam are more predisposed to obesity and insulin resistance in their early development, which is associated with greater offspring adiposity. [6] [7] [8] [9] [10] [11] Visceral adipose tissue is now thought to be an endocrine organ that secretes several factors into circulation, some of which exaggerate systemic inflammation, leading to the development of insulin resistance and cardiovascular diseases. [12] [13] [14] [15] [16] Nutrient status during fetal development has been shown to modulate genes expression in offspring adipose tissue without alterations in the DNA sequence, which commonly is referred to as epigenetic programing. [17] [18] [19] [20] However, the underlying mechanism by which developmental modifications of adipose tissue promotes atherosclerosis in offspring remains to be fully elucidated.
Perivascular adipose tissue, one of the ectopic adipose tissues, has been demonstrated to secrete numerous vasoactive molecules involved in vascular remodeling and vasoreactivity. [21] [22] [23] [24] [25] Takaoka et al found elevated expression of proinflammatory genes and lower adiponectin expression in the perivascular adipose tissue of obese mice and concluded that this contributed to exaggerated neointimal formation after arterial injury. 26 Chatterjee et al also found elevated proinflammatory gene expression and diminished adiponectin expression in the perivascular adipose tissue surrounding diseased human coronary arteries. 27 Thoracic periaortic adipose tissue (tPAT) surrounding the descending thoracic aorta recently has become a focal point of cardiovascular disease risk assessment. Fox et al reported that the volume of tPAT was correlated with the incidence of peripheral arterial disease. 28 We have reported previously that tPAT-specific activation of the renin angiotensin system occurred in uninephrectomized apolipoprotein E-deficient (apoE −/− ) mice and that this was partially responsible for the accelerated atherosclerotic development observed in chronic kidney disease. 29 These findings urged us to hypothesize that maternal HFD exerts inflammatory phenotypic alterations of tPAT in adult offspring, thereby contributing to the development of atherosclerosis through their endocrine or paracrine effects on the vasculature.
Here, we examined phenotypic alterations in offspring tPAT by maternal HFD and investigated their roles in atherosclerosis development using a tPAT transplantation model. Maternal HFD exaggerated atherosclerosis development in adult offspring, accompanied by enhanced gene and protein expression levels of proinflammatory cytokines and by augmented accumulation of macrophages in tPAT. Such changes were not observed in epididymal white adipose tissue (WAT). Transplantation of tPAT from offspring of HFD-fed dam significantly exaggerated atherosclerosis development compared with tPAT from offspring of normal diet (ND)-fed dam. Moreover, mRNA expression and protein levels of macrophage colony-stimulating factor (M-CSF) were markedly elevated in 8-week-old offspring of HFD-fed dam, in which macrophage accumulation was observed rarely. Our findings suggest that maternal HFD-induced phenotypic alteration of offspring tPAT contributes to atherosclerosis development by augmenting tPAT-specific proinflammatory response and that therapeutic targeting of the phenotypic changes of tPAT could potentially remediate and prevent cardiovascular diseases in adult offspring.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results

Atherosclerotic Development Is Exaggerated in Adult Offspring of HFD-Fed Dams
The mean maternal body weight of HFD-fed dam on day 1 after delivery was greater than that of ND-fed dam (25.4±0.5 versus 21.6±0.7 g, P<0.01; Figure IA in the online-only Data Supplement). There was no significant difference in the mean litter size between the 2 groups. The mean weight of offspring did not differ between the 2 groups before and after a high-cholesterol diet (HCD) ( Figure IB in the onlineonly Data Supplement). The hemodynamic parameters and lipid profiles did not differ between the 2 groups in both sex (Figures IC and ID in the online-only Data Supplement). The atherosclerotic lesion area in 20-week-old male offspring of HFD-fed dams (O-HFD) was markedly greater than that of ND-fed dams (O-ND) (210%, P<0.01; Figures 1A and 1B) . Likewise, the atherosclerotic lesion area in female O-HFD was increased modestly, but significantly, compared with that of female O-ND (P<0.05; Figures 1A and 1B ). We further examined the sex difference by using 2-way analysis of variance. The proatherogenic effect of maternal obesity was significantly greater in male offspring rather than in female offspring (P<0.01; Figure 1B ). We next examined the atherosclerosis development in aortic root of male offspring, which was not surrounded by tPAT. The percentages of plaque area, oil-red O-staining area, and MOMA-2-positive area were equivalent between the 2 groups ( Figures 1C and 1D ). These results suggest that developmental modifications by maternal HFD promote atherosclerosis development in adult offspring in a region-specific manner.
Maternal HFD Does Not Promote the Inflammatory Response in Male Offspring Epididymal WAT
First, we examined the effect of maternal HFD on the phenotypic alterations in visceral WAT of male offspring. Although the weight of the epididymal WAT pads before starting an HCD was significantly higher in O-HFD than in O-ND without a difference in adipocyte size (Figures IIA-IIC in the online-only Data Supplement), after feeding an HCD, the difference in pad weights disappeared, with smaller adipocyte size in O-HFD than in O-ND. Expression levels of adipocyte differentiation-related genes after an HCD were markedly elevated in both groups; however, no difference could be observed between the 2 groups ( Figure  IID in the online-only Data Supplement). Along with the decreased adipocyte size in O-HFD, tumor necrosis factor-α (TNF-α) mRNA expression and protein levels of monocyte chemotactic protein-1 (MCP-1) in O-HFD were significantly lower than those in O-ND (Figures 2A and 2B ). The mRNA expression levels of cluster of differentiation 68 (CD68) and F4/80 tended to be lower in O-HFD ( Figure 2C ). Further, macrophage accumulations assessed by the numbers of Mac-2-positive and CD68-positive cells were significantly reduced in O-HFD ( Figure 2D ). These findings indicated that maternal HFD does not elicit an inflammatory response in offspring visceral WAT.
Maternal High-Fat Diet Exaggerates the Inflammatory Response in Male Offspring tPAT
Next, we examined the effect of maternal HFD on the phenotypic alterations in tPAT of male offspring. tPAT pad weight and histomorphological appearance did not show a discernible difference between the 2 groups ( Figures and IIIB in the online-only Data Supplement). Expression levels of adipocyte differentiation-related genes did not show any difference between the 2 groups before and after an HCD ( Figure IIIC in the online-only Data Supplement). In contrast, MCP-1 gene expression after an HCD was increased to a greater extent in O-HFD than that in O-ND ( Figure 3A) . Similarly, the protein levels of TNF-α and MCP-1 were significantly higher in O-HFD than those in O-ND ( Figure 3B ). The mRNA expressions of anti-inflammatory genes (interleukin [IL]-4, IL-10, and TGF-β) were significantly increased in O-HFD compared with those in O-ND ( Figure 3C ); however, percent changes after HCD was much smaller than those in proinflammatory genes. Consistent with these findings, the gene expression levels of the monocyte/macrophage markers and the accumulation of Mac-2-positive and CD68-positive cells were markedly increased in O-HFD ( Figures 3D and 3E ). The MCP-1 mRNA expression was significantly correlated with the plaque area (r=0.83, P<0.05), whereas TNF-α mRNA expression showed a positive, but not significant, correlation with plaque area (r=0.36, P=0.35; Figure 3F ). We further analyzed the MCP-1 mRNA expression levels and correlation with the plaque area in female offspring. Although MCP-1 mRNA expression was markedly augmented in male O-HFD compared with male O-ND, there was no significant difference between the 2 groups in female offspring ( Figure 3G ). Consistently, MCP-1 mRNA expression was not significantly correlated with percent plaque area in female offspring ( Figure 3H ). These findings suggest that maternal HFD elicits a tPAT-specific inflammatory response in adult offspring in a sex-specific manner and that inflammatory expression patterns are closely implicated in the decrease in overall plaque area in female offspring. Figures 4C and 4D) . Hemodynamic parameters and lipid profiles did not differ among the 3 groups (data not shown). These findings suggest that tPAT-specific inflammatory response in O-HFD exhibits proatherogenic action through direct paracrine effect on the vasculature.
tPAT-Specific Inflammatory Response Dose not Effect on the Circulating Inflammatory Adipocytokines
Transplanted tPAT Graft of O-HFD Exerts Proinflammatory Properties in Recipient Mice
We further investigated the relation of the transplanted tPAT graft with the exaggerated atherosclerosis development in recipient mice. The mRNA expression levels of TNF-α were markedly higher in the tPAT graft from tPAT-O-HFD compared with that from sham and tPAT-O-ND ( Figure 5A ). Likewise, protein levels of TNF-α were significantly higher in the tPAT graft from tPAT-O-HFD ( Figure 5B ). The expressions of anti-inflammatory genes (IL-4, IL-10, and TGF-β) were not different among the 3 groups ( Figure 5C ). The mRNA expressions of F4/80 and CD68 were significantly elevated in the tPAT graft from tPAT-O-HFD ( Figure 5D ), accompanied by an augmented accumulation of Mac-2-positive cells and CD68-positive cells ( Figure 5E ). Percent oil-red O-staining area in the infrarenal aorta was significantly correlated with the tissue concentration of TNF-α in tPAT graft (r=0.65, P<0.05; Figure 5F ). These findings indicate that isolated tPAT from O-HFD could exhibit a similar inflammatory response in recipient apoE −/− mice as endogenous tPAT in O-HFD.
M-CSF Expression in Offspring tPAT Is Exaggerated by Maternal High-Fat Diet
To investigate the underlying mechanism of the tPAT-specific inflammatory response in O-HFD, we focused on the augmented accumulation of macrophages. At 8 weeks of age, accumulation of Mac-2-positive cells as well as CD68positive cells rarely could be observed in both O-ND and O-HFD ( Figure 3E ). Considering that the number of circulating monocytes did not differ between the 2 groups ( Figure  VIA and VIB in the online-only Data Supplement), it is likely that adipocytokines produced by tPAT facilitate the migration of circulating monocytes into tPAT and promote differentiation/proliferation of monocytes in tPAT. Gene expression of MCP-1 did not differ between the 2 groups of 8-week-old mice ( Figure 3A) . In contrast, the mRNA and protein levels of M-CSF were markedly increased in O-HFD compared with O-ND at both 8 and 20 weeks of age ( Figures 6A and 6B ). On the other hand, M-CSF mRNA expression in epididymal WAT and serum concentration of M-CSF did not differ between the 2 groups at both 8 and 20 weeks of age ( Figures 6C and  6D) . These findings suggest that the tPAT-specific increased 
Discussion
In this study, we demonstrated for the first time that maternal HFD accelerated atherosclerosis development in adult offspring, in which tPAT-specific exaggerated accumulation of macrophages and subsequent increase in proinflammatory cytokines expression were involved substantially. Intra-abdominal transplantation of the tPAT from offspring of HFD-fed dam significantly exaggerated atherosclerotic development in apoE −/− mice, suggesting the causal effect of tPAT-specific inflammatory response on atherosclerosis development in adult offspring. Further, tPAT-specific increased expression of M-CSF during early development is likely to initiate an inflammatory response by promoting the migration and differentiation/proliferation of monocytes in tPAT. Our findings demonstrate that the tPATspecific proinflammatory response induced by maternal HFD substantially contributes to the atherosclerosis development in adult offspring and provide a new insight into the mechanism underlying the offspring morbidity and mortality from cardiovascular diseases by maternal nutrient status. Maternal obesity increases the susceptibility to offspring obesity and type 2 diabetes mellitus by modulating the properties of visceral adipose tissue. [6] [7] [8] [9] Murine animal models demonstrated that visceral adipose tissue of offspring of obese dam showed an increase in the expression of genes related with adipocyte differentiation and lipogenesis. 7, 9 We also examined the phenotypic alterations of epididymal WAT and tPAT; however, expressions of adipocyte differentiationrelated genes were not different between O-ND and O-HFD before and after an HCD (Figures IID and IIIC in the onlineonly Data Supplement). These findings suggest that maternal HFD is unlikely to modulate offspring adipocyte properties when offspring are fed an HCD and raise the possibility that enhanced accumulation of macrophages primarily contributes to the tPAT-specific inflammatory response in offspring.
Adipose tissue macrophages play a major role in adipose tissue inflammation. [30] [31] [32] [33] [34] The number of Mac-2-positive and CD68positive cells in both epididymal WAT and tPAT was increased remarkably after an HCD; however, the extent of Mac-2-positive and CD68-positive cells in epididymal WAT was less in O-HFD than in O-ND, whereas O-HFD showed greater accumulation of macrophages to a greater extent than O-ND. Considering that the number of circulating monocytes did not differ between O-ND and O-HFD (Figures VIA and VIB in the online-only Data Supplement), migration of monocytes into adipose tissue seems to be more abundant in tPAT than in WAT. Recruitment of circulating monocytes into adipose tissue largely depends on the tissue concentration of chemotactic cytokines. [35] [36] [37] [38] In 20-weekold offspring, the expression level of the chemotactic cytokine, MCP-1, was significantly higher in tPAT of O-HFD than of O-ND; however, macrophages produce and secrete various kinds of inflammatory cytokines, such as TNF-α, which also promote adipocytes to secrete chemotactic cytokines. 39 Therefore, we examined the expression level of MCP-1 in 8-week-old offspring, in which Mac-2-positive and CD68-positive cells rarely could be detected. Unexpectedly, MCP-1 mRNA expression in tPAT could not be detected in either O-HFD or O-ND, suggesting that MCP-1 is unlikely to be associated with macrophage recruitment in an early developmental period.
The expression level of M-CSF is developmentally regulated during fetal and neonatal periods. 40 M-CSF has been shown to be involved in macrophage differentiation/proliferation as well as monocyte migration and subsequently promotes atherosclerosis. 41 M-CSF mRNA and protein expressions at 8 weeks of age were significantly higher in tPAT of O-HFD than of O-ND, whereas epididymal WAT did not show any difference between the 2 groups. This finding suggests that tPAT-specific augmented expression of M-CSF seems to be primarily implicated in enhanced accumulation of macrophages. The tPAT concentrations of M-CSF in 20-week-old offspring were not significantly higher than those in 8-week-old offspring. In contrast, the mRNA and protein expression levels of TNF-α and MCP-1 were markedly increased in 20-week-old offspring along with the increased accumulation of lesion macrophages (Figures 3A,  3D, and 3E) . These findings suggest that tPAT M-CSF play a crucial role in the early stage of atherosclerosis by promoting the accumulation of monocytes/macrophages in the vessel wall. On the other hand, proinflammatory cytokines, such as TNF-α and MCP-1, which are predominantly released from accumulated macrophages, are likely to contribute to plaque progression. Consistent with this notion, the M-CSF mRNA expression was not significantly correlated with the plaque area (r=0.19, P=0.61; Figure VII in the online-only Data Supplement), whereas a significant positive correlation between MCP-1 mRNA expression and percent plaque area was observed (r=0.83, P<0.05; Figure 3F ). Recently, Chang et al developed a smooth muscle cellspecific PPARγ-deficient mouse model, in which absence of tPAT markedly reduced the thermogenic capacity and energy expenditure of excessive nutrition. 42 The authors demonstrated that atherosclerosis development was significantly exaggerated when the animals were housed at 16°C, but not at 22°C, because of the intravascular temperature-associated endothelial dysfunction and impaired lipid clearance. They also showed that mRNA expression levels of UCP-1 and PGC-1α were significantly higher in tPAT from control mice housed at 16°C than at 22°C, suggesting that cold-mediated activation of the tPAT exerted antiatherogenic effects. In our experimental model, mice were housed at 22°C, and UCP-1 mRNA expression level in endogenous tPAT did not show any difference between the 2 groups before and after HCD feeding. Therefore, it is not likely that antiatherogenic action of tPAT is impaired in O-HFD; however, analysis of proatherogenic action of tPAT using a genetically tPAT-specific deficient mice model needs to be performed in the future study.
In this study, the effect of tPAT on atherosclerosis was investigated focusing on the descending thoracic aorta surrounding by tPAT, in which the degree of atherosclerosis was not so high compared with that in proximal aorta when fed an ND. Therefore, we applied a modified Western-type diet (13.6% fat, 1.25% cholesterol), but not a Western-type diet (21% milk fat, 0.2% total cholesterol), to make it easy to investigate the tPAT-associated atherosclerosis development. When apoE −/− mice were fed a HCD, hypercholesterolemia-associated bone marrow monocytosis was significantly augmented compared with those in ND-fed apoE −/− mice. 43 However, the number of circulating monocytes was equivalent between the 2 groups ( Figure VI in the online-only Data Supplement). Notably, the augmented expression of M-CSF in tPAT of O-HFD could be observed before starting an HCD. These findings suggest that augmented expression of M-CSF and its effect on atherosclerosis is not likely to be attributable to the artificial effect of high level of cholesterol diet.
Epigenetic programing in early life exerts a profound effect on the susceptibility to cardiovascular diseases in late adulthood by affecting the expression of genes involved in atherogenesis. [17] [18] [19] [20] Epigenetic changes detected in the atherosclerotic lesions have been characteristic of smooth muscle cells and of endothelial cells as well as immune cells. 44, 45 We, therefore, examined the mRNA expression levels of VCAM-1 and ICAM-1 in the aorta of 8-week-old offspring and found that VCAM-1 mRNA expression was significantly reduced in O-HFD ( Figure VIII in the online-only Data Supplement), suggesting that endothelial dysfunction is not likely to be involved in offspring atherosclerosis in this model. Bekkering et al reported that brief exposure of isolated human monocytes to oxidized low-density lipoprotein induced a long-term proinflammatory response via epigenetic histone modification. 46 A recent study by Singer et al demonstrated that hematopoietic stem cells from bone marrow of obese mice have the sustained capacity to preferentially generate inflammatory adipose tissue macrophages. 47 Furthermore, Kampen et al reported that bone marrow cells of Western-type diet-fed mice exhibited hypomethylation of genes encoding Pu.1 and IRF8, key regulators of monocyte proliferation and macrophage differentiation, and increased susceptibility to atherosclerosis in bone marrowtransplanted mice accompanied by the increased number of circulating F4/80 + monocytes. 48 These findings suggest the possibility that gene expression of M-CSF, a key mediator for the differentiation/proliferation of myeloid lineage cells, 49 is likely to be regulated via epigenetic programing; however, precise mechanism needs to be investigated in the future study.
Sex-specific difference in offspring outcomes has been less studied in humans than in animal models. 50 Human study reported by Mingrone et al indicated that male offspring of obese mothers showed higher values of insulin sensitivity, but not significant, than female offspring; however, population size examined was extremely small, and underlying mechanism remains undefined. 51 Consistent with our results, Dahlhoff et al reported that male offspring of HFD-fed dam was more susceptible to adverse offspring outcomes than female of HFD-fed dam. 52 Adverse offspring outcomes induced by in utero environmental insult are often more prominent in male than female offspring. 50 Females may be more sensitive and adaptable to the intrauterine environment; however, precise underlying mechanisms remain to be elucidated.
In conclusion, our results showed that a tPAT-specific inflammatory response elicited by maternal HFD is involved substantially in atherosclerosis development in adult offspring and that tPAT-specific enhanced expression of M-CSF may initiate the exaggerated macrophage accumulation in tPAT. Our findings shed a new light on the emerging role of developmental modifications of tPAT and suggest that reverse programing of tPAT may be a useful new therapeutic strategy for the prevention of cardiovascular diseases.
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